taken. This is partly related to technological interest, but it is also because of the dlfficulty of introducing and maintaining controlled amounts of an interstitial element in an alloy while excluding other unwanted interstitial impurities. In the present study, transmission electron microscopy was used to follow the precipitation sequence in Ta-C alloys and the problem of purity control was circumvented by performing all the thermal treatments in a bakeable all-metal high vacuum system. Previous work on precipitation from supersaturated FCC substitutional solid solutions has shown that the microstructure and properties are strongly dependent on the quenching and aging treatments (e.g. 1), and a similar correlation has been noted in BCC alloys. During ttle 1950's and 1960's TEM was used in a number of studies of quenched/aged Fe-base alloys. Substitutional Fe-Mo, Fe-Cu and Fe-Au alloys were investigated by Hornbogen (2, 3) who showed ttlat precipitation sequences analogous to those found in FCC systems occurred. Hull and Mogford(4) observed small loop-like defects on {IOO} planes in quenched-aged Fe-C ferritic alloys which were interpreted as monolayer precipitates of carbon atoms analogous to GP zones, while Hale and McLean (5) and Smith(6) observed dendritic structures of carbides on dislocations in more concerltrated Fe-C alloys. Smith, in fact, suggested that the carbon precipitated on dislocation loops which formed from the quenched-in vacancies. The effect of substitutional additions to binary Fe-C alloys was studied by Leslie (7) , and changes in the carbide precipitation temperature were explained in terms of variations in C activity with alloying.
Comprehensive studies of ternary alloys based on Fe-N have been published in a series of classical papers by Jack and co-workers (8) . In 1972 a significant advance in understanding €-carbide precipitation in ferrite was made by Vyhnal and Radcliffe(9) (VR). They found a striking increase itl the number of carbide particles precipitated at high quenchillg fates com- In this paper, the sequence of events which leads to the formation of the stable Ta 2 e phase is described. A detailed description of the transition from coherent to incoherent precipitates and the orientation relationship, and a theoretical continuum/discrete lattice analysis of the entire phase transformation are treated in separate papers.
Sample Prepatation
The material was prepared from 99.9 wt.% pure tantalum by electron beam zone-refining. After three passes the single crystal rod of 
Results
The quenching rate of rv 2500 o Csl achieved in the ultrahigh vacuum quenching apparatus(17) was sufficient to produce a supersaturated solution of carbon in tantalum. Fig. 1 shows an example of such a quenched foil. Note the strong mottling of the background,an effect which was not observed in the fully aged foils polistled under identical conditions. Only a few isolated dislocations were present.
(i) Precipitate Morphology
Aging a quenched foil in UHV at ~ 450°C for 144h produced a high density of small, platelike precipitates, as shown in fig. 2 . Trace analysis showed their habit planes to be the {310} planes of the matrix.
This can be seen in fig. 2 were the result of a variation in aging time and temperature as described later.
(ii) Contrast Analysis
In order to understand the nucleation and growth of these coherent precipitates, detailed diffraction contrast and spot pattern analyses were performed. It was noticed that in certain orientations and diffracting conditions the precipitate platelets of fig. 2 showed contrast similar to dislocation loops (as is well-known and expected for thin plates). This is illustrated in fig. 4 which shows the same foil as fig, 2 after a large tilt of the specimen to a ~Ol) beam direction.
The effect of~he precipitates on the surrounding matrix could be determined by using the loop analogy, i.e, the sign, size and direction of the matrix strain produced by the precipitate was analysed by con- 
The sign of the displacement vector R can be determined unambiguously
from the inside/outside contrast effect as described by Groves and According to this analysis all the "loops" were interstitial in nature, as expected for precipitates of increased atomic volume.
In summary, the contrast behavior of the precipitates in the loop analogy was that of a faulted interstitial near-edge dislocation loop ,or 2nm, thl3 same as the lower limit estimated above.
Hence it was concluded that B quench-aging treatment at ~ 450 0 C for 144h produced a high density of platelike precipitates on {310} habit planes, about 30 nm in diameter and ~ 2 nm thick.
(iii) Effect of Aging Treatment
Under different aging conditions both the diameter and the thickness of the precipitates changed. Figure 7 shows the carbides obtained by aging for 75h at ~ 450°C. Their size was about 10 nm and even though the habit plane was the same as for the large carbides, the contrast under similar diffracting conditions was weaker (cf. figs.
and 7)
. Upon aging at the higher temperature of about 550 0 C, the precipitates grew to a size of about 50 nm as shown in fig. 8 . The large strain lobes around the precipitates are evidence for the sub~ stantial elastic strains necessary to maintain coherency with the matrix. In addition to their lateral growth, the platelets had thickened and lost their dislocation loop-like character. They were also no longer in good alignment with the {310} planes. Their size was now large enough to obtain diffraction patterns by convergent beam microdiffraction. This is shown in fig. 9 where the extra spots due to the coherent precipitate are outlined. By comparison with the analysis of the later stages of precipitation (22), these patterns were found to arise from the hexagonal structure of the equilibrium carbide Ta 2 e.
The orientation relationship for the coherent carbide was the same as that for the non-coherent carbide. Super lattice spots due to ordering of the carbon in alternate (0001) layers are marked by arrows in fig. 9 .
The experimental evidence presented can be summarized as follows:
-during aging of rapidly quenched Ta-C alloys, coherent carbides were precipitated in the matrix with high density and homogeneous distribution.
-the precipitates were platelike in shape and had a {310} habit.
-before losing coherency, the carbides could grow to at least 50 nm in size,
-the structure and orientation relationship of the coherent carbide was that of the equilibrium carbide Ta 2 C.
-the large coherent carbides were faulted and often deviated from the {310} habit,
-the smaller precipitates could be described either by analogy with dislocation loops, as faulted interstitial loops with a Burgers vector of about 1/3 <310> , or as hexagonal precipitates of ~ 30 nm diameter and ~ 2 nm in thickness.
-precipitate-free zones near dislocations, interphase boundaries and grain boundaries were found for all aging treatments.
DISCUSSION
It is advantageous to discuss the precipitation sequence in an order reverse to tllat in which it develops chronologically. By tracing back from the large coherent carbides to the nucleation event, an understanding of the entire precipitation sequence is made possible.
As shown by the convergent beam microdiffraction experiments, the crystal structure of the large coherent carbides is identical to the ordered hexagonal structure of the equilibrium carbide Ta 2 C. It is therefore not necessary for the precipitates to re-nucleate during the loss of coherency. This is consistent with the experimental observations (10) here as well as the studies of Diercks and Wert (OW) on V-C and
Viswanadham and Wert(ll) (VW) on Nb-C, who also found that the incoherent precipitates formed directly from the coherent carbide. In contrast to the present result, however, these authors concluded that the transition was accompanied by a change in crystal structure of the precipitate. This is clearly not the case in the Ta-C system. Indeed, there is no experimental evidence for 8 structural transformation at any stage of the precipitate growth; nor is there any reason to believe that such a transformation is necessary. Hence, it is concluded that the precipitate structure is already hexagonal following nucleation.
The consequences of this conclusion will now be examined in the light of the experimental evidence available for the Ta-C and other alloy systems.
The coherent carbide observed in the present study appears to be identical to the ones reported by OW for V_C(lO) and VW for Nb_C(ll) alloys subjected to comparable quench-aging treatments. (24) ii) The formation of these carbides is accompanied by a comparable volume expansion of 16.5% (V), 17.1% (Nb) and 14.6% (Ta).
iii) The transition from the coherent to the non-coherent carbide does not involve re-nucleation.
iv)
In all three alloys the equilibrum carbide follows the same orientation relationship with the matrix.
All of these facts suggest that the initial precipitation on the {3IO} habit plane is a consequence of an underlying crystallographic relationship. This does not contradict the well-established theories for coherent .elastic inclusions which state that two of the variables determining the elastic strain energy of a precipitate are the strain and the elastic anisotropy. (25) The usual treatment assumes a simpli~ fied strain, e.g. a tetragonal distortion or a uniaxial expansion, and a realistic elastic anisotropy, whereas the experimental evidence presented here suggests that is valid to assume simple elastic isotropy and necessary to use a more complex, realistic description of the strain, A direct experimental verification of this is shown in fig, 10 .
The high resolution lattice fringe image of a coherent carbide precipitate taken near the thin edge of a tantalum foil shows directly the shear of the close-packed {lID} planes as they cross the precipitate,
The measured amount of shear lOa, too large to be neglected if 8 simple tetragonal distortion is assumed. This latter description is used by OW when analysing the lattice of the coherent carbide in vanadium as tetragonally distorted BCe. However, a tetragonal distortion cannot explain the observed sheaf, and if the precipitate is described as elastically strained BCC, a more general strain must be used, In view of the evidence discussed above, the present study describes the coherent carbide lattice as a distorted hexagonal structure, Of course, both points of view--that of a strained Bce lattice and that of a strained HCP lattice--must be equivalent since each lattice plane and every atom in the matrix structure must be matched in the precipitate, as implied in the concept of cOherency, (26) The description used here, however, says that the relaxed precipitate structure would be Hep and shows that only a mixed strain involving both shear and expansion can accurately reflect the real cOherency distortion. This point will be examined in detail in a separate pUblication.
With this new and more accurate description of the coherent carbide in mind, it is interesting to evaluate some of the other experimental observations obtained here and in previous studieso As shown in fig. 3 , precipitate-free zones (PFZ's) were found near dislocations, interphase and grain boundaries. Such PFZ's have often been reported to occur in quench-aged Al-alloys(l) as well as Fe-base alloys (27) and are ascribed to the presence of vacancy gradients near sinks. In the case of Ta-C alloys, due to the high mobility of both vacancies and interstitial carbon, (12) it is possible that a depletion of either the carbon solute or the lattice vacancies is responsible for the PFZ's. However, the fact that no heterogeneous nucleation was observed at the grain boundaries which exhibited PFZ's points to vacancy depletion as the mechanism which prevents nucleation in a PFZ. Therefore, it may be concluded that lattice vacancies are essential to the formation of a carbide nucleus. The role of vacancies in precipitation phenomena has been discussed from a thermodynamics point of view by
Russell (28) The local collapse of vacancies on {310} matrix planes accompanied by the simultaneous precipitation of carbon could constitute a nucleus with the carbide structure and a net strain field of vacancy type. As a consequence of such a mechanism, the precipitation would undergo several stages due to the reversal of the net strain field during precipitate growth. In a systematic study of age-hardening in rapidly quenched V-C and Nb-C, Chang et ~. (34) indeed found four distinct stages of age-hardening before the carbides lost coherency. They were unable to detect any differences in the precipitate morphology and structure which could be correlated to the various age-hardening peaks.
On the basis of electrical resistivity measurements, they concluded that almost no carbon was left in solid solution by the time the first hardness peak was reached. The activation energy of the aging process was that for carbon diffusion and they found no energy barrier to nucleation. All of these findings are in good agreement with the suggested role of vacancies during the nucleation of carbides.
If, on the other hand, the vacancies retain their identity throughout the process of precipitation, they have no structural role as de- . , " 
